The study of the contributions of photovoltaic and diffusion effects in the formation of 1D and 2D holographic gratings by Bessel beam technique in photorefractive Fe doped lithium niobate crystals are performed. For this purpose 1D and 2D gratings were recorded by travelling Bessel beam and counter-propagating Bessel beam (CPBB) techniques using laser radiation at 532nm wavelength and 17 mW power. Created 1D grating in the form of concentric rings had 9.0µm period in radial direction. 2D grating which is a combination of annular and planar gratings had a period of 9.0µm in radial and 266 nm in axial directions. The testing of the profile of the recorded gratings by phase microscope was performed. The investigations show that the refractive index depth of modulation for 1D annular grating has pronounced azimuthal dependence as a result of formation of gratings predominantly by the photovoltaic effect taking place along the C-axis of the crystal. For 2D grating formed by CPBB technique the azimuthal dependence of grating modulation depth is less pronounced. The 266 nm period in axial direction provides, except for the photovoltaic effect, also the contribution of the diffusion of charge carriers to the grating formation. Diffusion effect takes place in all directions and provides the isotropic contribution to the grating formation, but with less efficiency than the photovoltaic effect.
INTRODUCTION
Among different methods for the fabrication of artificial periodic structures in dielectric materials the holographic technique 1 is one of the promising methods for fabrication of photonic lattices. Holographic technique is based on the creation of spatially periodical structures by intensity modulated light beams in photosensitive materials. There are two main elements which are important for holographic recording: the method of creation of intensity modulated light beams and finding of suitable recording materials. Numerous investigations are devoted to the study of dynamic and permanent optical refractive gratings using classic two-beam interference arrangement in atomic vapors 2 , crystals 3, 4 and liquid crystals (see, for example, Ref. [5] and references therein). The doped photorefractive crystals are very convenient materials for holographic recording. The illumination of photorefractive medium by spatially modulated beam leads to the refractive index modulation via electro-optic effect, thus creating refractive gratings. The light excites the electrons from impurity ion state to conduction band. Electrons migrate in the conduction band and finally are trapped by ions.
The redistribution of the charges builds up an internal electric field E and so changes the refractive index n i = r ij E j , where r ij is the electro-optic coefficient. The charge transport is mainly due to the photovoltaic and diffusion of charge carriers [6] [7] [8] [9] . The relative contribution of photovoltaic and diffusion effect depends on the grating periods and crystal parameters and was a subject of studies, both experimental 3,4-9 and theoretical [7] [8] [9] . Recently developed traveling Bessel beam technique for formation of 1D micrometric scale annular grating and counter-propagating Bessel beam (CPBB) technique for formation of 2D grating, which is the combination of micrometric scale annular grating and submicromentric scale planar grating (see Ref. [10] ) are very convenient to study the relative contribution of photovoltaic an diffusion effects in grating formation. The additional modulation of 2D grating in axial direction with a period of 266 nm with the use of CPBB technique 10 provides the additional contribution of diffusion effect in grating formation compared with micrometric scale 1D grating, which formed predominantly by photovoltaic effect.
In the presented experiment 1D and 2D refractive gratings were formed by Bessel beams technique 10 in Fe doped lithium niobate (LN:Fe) crystal. The testing of the recorded gratings by phase microscope was performed, which allowed to reveal the contribution of two main mechanisms -photovoltaic and diffusion effects in formation of 1D and 2D gratings in the photorefractive LN:Fe crystal taking into account the periods of the gratings and crystal parameters.
EXPERIMENT

Recording of 1D and 2D gratings by Bessel beams technique
1D and 2D refractive gratings were recorded by traveling Bessel beam and CPBB techniques to study the contributions of photovoltaic and diffusion mechanisms in formation holographic gratings in photorefractive LN:Fe crystals.
Bessel beams or diffraction-free beams are a specific type of coherent beams 11 . Bessel beams have a feature of conserving their transverse intensity distribution, expressed by the zeroth-order Bessel function, while they propagate in free space. The simplest diffraction-free beams can be formed by superposition of plane waves whose wave vectors lie on the cone. One of the ways for creation of Bessel beams is the use an optical element-axicon 12 . The scheme for the Bessel beam formation from Gaussian 633 nm beam by an axicon is shown in Figure 1a The annular ring pattern is two-dimensional, however, as an annular grating this structure is one-dimensional with the period determined by the spacing between rings. However, the intensity modulation along Z axis can be obtained by creating the Bessel standing wave in CPBB geometry.
The experimental scheme of recording of 2D gratings by CPBB technique is shown in Figure 2 The recording of gratings was performed during 60min illumination. Recorded 1D grating is the annular structure with period in radial direction measured of 9.0µm. The formed 2D structure is a combination of annular and planar gratings with 9.0µm period in radial direction and half-wave period (266 nm) in axial direction. Fragment of 2D structure schematically is shown in Figure 3 . The diffraction-free character of Bessel beams provides the creation of high contrast volume gratings. 
Testing of recorded gratings
The recorded gratings were tested using red laser beam with 4mW power by observing the diffraction patterns from the gratings in the far field. Figure 4 shows the readout scheme for testing of gratings recorded inside the crystal. The testing was performed by red beam to avoid the erasure of the grating during readout 4 . 
DISCUSSION
The physical mechanism of formation of holographic grating in photorefractive materials is based on the electro-optic effect. Fe ions occur in LN crystal in different valence states: Fe 2+ and Fe
3+
. The corresponding band diagram is shown in Figure 7 . The green light excites the electrons from Fe 2+ to conduction band. Electrons migrate in the conduction band and finally are trapped by Fe 3+ . The redistribution of the charges builds up an internal space charge electric field E and so changes the refractive index n. Thus, the inhomogeneous illumination of photorefractive materials leads to the modulation of refractive index. In Fe doped LN crystal the change of extraordinary refractive index is larger than the change of ordinary index by a factor of four 11 and the induced refractive index change n is mainly due to the distortion of extraordinary index of refraction. The main mechanisms for electric field induction in the crystal are spatial charge separation caused by photovoltaic effect, taking place along the C-axis of the crystal, and diffusion of the charge carriers 7, 8, 13 . Induced electric field E along C-axis of the crystal is determined by (1) where E PV and E dif are the internal electric fields due to photovoltaic effect and charge diffusion, respectively,  is the absorption coefficient, k is the Glass constant depending on the nature of absorbing centers and light wavelength, I is the light intensity,  is the conductivity of the illuminated part of the crystal, e is the electron charge, D is the diffusion coefficient, n e is the concentration of photo-excited charge carriers. In formula (1) Y coordinate is considered to be directed along C-axis of the crystal. The electric field induced in the crystal along the axial direction (Z-axis in Fig 2) is determined by diffusion effect.
As shown in Ref. [8] for Fe doped LN crystal the diffusion effect for charge carriers can be neglected for grating spatial frequencies K = 1/d having the values less than ~10 5 lines/cm, where d is the grating period.
For 1D gratings recorded by traveling Bessel beams the diffusion effects of charge carriers are negligible because the grating period d = 9 .0 m corresponds to the spatial frequency K ~10 3 lines/cm and photovoltaic mechanism taking place along the C-axis is the predominant process. The azimuthal dependence of the contrast of the recorded grating can be explained qualitatively by following consideration. The distance between bright and dark zones in the central part and on the periphery of the Bessel beam profile along the C axis of the crystal is essentially different. So the probability of the migration of electrons from bright to dark zone and final trapping of the electrons in dark zone is higher in the central region compared with the periphery. As a consequence the azimuthal dependence of the modulation depth of the CB VB h green Fe
2+/3+
recorded grating appears which is clearly demonstrated by azimuthal dependence of the contrast of phase microscope image of the grating shown in Figure 6a . However, additional studies, both experimental and theoretical, are required to confirm the suggested model. In particular, the recording of the gratings at higher intensities, as well as for different concentrations of impurity ions are planned to be performed. For 2D grating formed by CPBB technique the half-wave 266 nm period in axial direction corresponds to the spatial frequency K~410 4 lines/cm and the diffusion effect taking place in all directions also contributed to the grating formation but with less efficiency than photovoltaic effect. This is illustrated by phase microscope image in Figure 6d. 
CONCLUSION
1D and 2D refractive gratings were created by Bessel beams technique in photorefractive LN:Fe crystals. The testing of the gratings by phase microscope shows that for 1D gratings with 9.0 µm period in radial direction the diffusion effect can be neglected and the photovoltaic effect is the predominant process for formation of gratings. This in turn leads to azimuthal dependence of the contrast of the annular grating. For 2D grating, which is the combination of annular and planar gratings, the 266 nm period in axial direction provides the contribution of diffusion effect but with less efficiency compared with photovoltaic effect.
